Renal dysfunction is a common comorbidity in patients with heart failure and preserved ejection fraction (HFpEF). We sought to determine whether renal dysfunction was associated with measures of cardiovascular structure/function in patients with HFpEF.
Introduction
Renal dysfunction is one of the most common comorbidities in heart failure with preserved ejection fraction (HFpEF), with a prevalence of 30-60% 1 -3 which increases with ageing. It is defined by lowestimated glomerular filtration rate (eGFR) and/or high urinary albumin-to-creatinine ratio (UACR). 4 Importantly, even mild impairment of renal function is associated with elevated cardiovascular (CV) risk. 5, 6 However, these two measures of renal dysfunction are only partly correlated and each provides prognostic information in heart failure patients. 7, 8 The prognostic relationship between renal dysfunction and CV outcomes may be mediated by abnormalities of cardiac structure and function. Cross-sectional findings from community cohorts and hypertensive populations demonstrate a high prevalence of left ventricular hypertrophy (LVH) and to lesser extent of diastolic dysfunction in patients with low eGFR or high UACR. 9 -13 Despite the frequency of renal dysfunction in HFpEF, there is a paucity of data regarding the relationships between kidney dysfunction and cardiac structure/function in this population. 14, 15 Furthermore, the association between the combined impairment of eGFR and UACR and CV remodelling has not been thoroughly investigated, 16 specifically in HFpEF populations. We analysed the associations between albuminuria and/or low eGFR and CV structure and function in subjects enrolled in the PARAMOUNT trial, a prospective study comparing the efficacy of therapy with an angiotensin receptor blocker (ARB) vs. an angiotensin receptor neprilysin inhibitor (ARNI) in patients with HFpEF.
Methods

Patient population
The design, baseline findings, and primary results of the Prospective comparison of ARNI with ARB on Management Of heart failUre with preserved ejectioN fracTion (PARAMOUNT) trial have been previously reported. 17 Briefly, PARAMOUNT enrolled 301 patients with HFpEF, aged 40 years or older, with elevated NT-proBNP (.400 pg/mL) and a left ventricular ejection fraction (LVEF) ≥45%, while on active diuretic therapy. The main exclusion criteria included eGFR ,30 mL/min/ 1.73 m 2 , non-cardiac dyspnoea, and significant valvular heart disease. The proportion of patients enrolled with atrial fibrillation was limited to 25% of the study population. In the present analysis, we included patients with analysable baseline echocardiographic data (n ¼ 279) and with available eGFR and UACR data (n ¼ 217, 72%).
Echocardiographic study
All echocardiograms were analysed in the Cardiovascular Imaging Core Laboratory at Brigham and Women's Hospital, Boston MA, USA. All measurements were made in triplicate in accordance with the recommendations of the American Society of Echocardiography (ASE). 18 According to the echocardiographic protocol of the Cardiovascular Imaging Core Laboratory, both imaging depth and sector had to be optimized to maintain a frame rate of 50 -80 frames per second. Left ventricular (LV) volumes were derived according to the modified biplane Simpson's method in the apical four-chamber and/or two-chamber views. The left ventricular mass (LVM) was calculated from LV linear dimensions and indexed to height 2.7 , according to ASE guidelines. 18 Mitral flow velocities were assessed by positioning the sample volume of pulsed-wave Doppler at the tip of the mitral leaflets from the apical four-chamber view. Tissue Doppler E ′ velocity was measured as the average of the values detected at the septal and lateral mitral annulus. Left atrial volume was assessed by the biplane area-length method from the apical two-chamber and four-chamber views at end-systole from the frame preceding mitral valve opening. Pulmonary artery systolic pressure (PASP) was estimated using Doppler tricuspid regurgitant velocity (V) as PASP ¼ 4 (V 2 ) + 10 mmHg. Left ventricular ejection fraction was calculated using the biplane Simpson's method from LV end-diastolic and end-systolic volume. Midwall fractional shortening (MWFS), a measure of LV systolic function that, for its nature, and in contrast with LVEF, is more reliable in case of abnormal LV geometry, was calculated according to the recommendations of the American Society of Echocardiography. 18 Using a vendorindependent 2D speckle tracking software (2D Cardiac Performance Analysis version 4.5, TomTec Imaging Systems, Munich, Germany), we evaluated deformation parameters. Data were obtained using apical Renal dysfunction defined as the presence of impairment of UACR and/or eGFR. Data are n (%), mean + SD, median (IQR). NYHA, New York Heart Association; BP, blood pressure; eGFR, estimated glomerular filtration rate. Albuminuria defined as UACR ≥17 in men and ≥25 in females. Anaemia defined as haemoglobin levels ,12 g/dL in women and ,13 g/dL in men.
four-chamber and two-chamber views for longitudinal deformation. For myocardial deformation analysis, we excluded patients with non-DICOM images, with lack of a full cardiac cycle, .1 segment dropout or significant foreshortening of LV. In our study sample (217 patients), longitudinal strain was quantifiable in 168 participants. End-systolic stiffness (Ees) was used as a measure of LV systolic stiffness: it was calculated with the modified single-beat method from SV, arm-cuff blood pressures, and pre-ejection and total systolic periods determined on pulsed-wave Doppler of aortic flow, LVEF, and an estimated normalized ventricular elastance at arterial end-diastole, as previously validated against invasive assessment.
19 Arterial stiffness was characterized as effective arterial elastance (Ea). 20 Arterial elastance was estimated as end-systolic pressure (ESP) divided by SV, determined echocardiographically using the Simpson's method of discs; LV ESP was calculated as 0.9 multiplied by arm-cuff SBP at the time of echocardiography. Ventricular -vascular coupling was assessed as the ratio Ea/Ees.
Blood/urine sampling procedures and definitions of renal parameters
Serum and spot urine samples were obtained at baseline. Glomerular filtration rate for this analysis was estimated using a recently validated formula that incorporates both creatinine and cystatin C values (CKD-EPI creatinine-cystatin C equation). 9, 21 Urinary albumin, and creatinine concentrations, detected in a spot urine sample, were used to calculate the UACR (mg/g). Reduced eGFR was defined at a threshold of 60 mL/min/1.73 m 2 . High UACR was defined using gender-specific cut-off values for microalbuminuria (17 mg/g for men and 25 mg/g for women), 22 since it has been suggested that women tend to have higher albumin urine excretion in physiological circumstances. As a sensitivity analysis, we also analysed UACR considering a fixed sex-independent cut-off of 30 mg/g. To assess the relationship between renal dysfunction and parameters of CV structure and function, patients were first stratified into two categories: subjects with reduced eGFR and/or high UACR were classified as renal dysfunction, while those with preserved eGFR and normal UACR were defined as no renal dysfunction. Secondly, we assessed the relationship between the type of renal function impairment and CV derangement creating four categories of kidney function: no renal dysfunction (reference), high UACR with preserved eGFR, normal UACR and low eGFR, both abnormal. and CV structure and function were compared between different groups of HFpEF patients, according to the type of kidney impairment, using twosided t-tests, Wilcoxon rank sum tests, X 2 tests, Fisher exact tests, or ANOVA as determined by variable type and distribution. Multivariableadjusted linear and logistic regression models were used to study the association between echocardiographic parameters of cardiac structure and function (outcome variables) and renal function. Models were adjusted for age, sex, presence of diabetes, and covariates that differed significantly by renal function status on univariable analyses: previous admission for HF, anaemia, pulse pressure (PP). For ventricular and vascular stiffness analysis, each model was also adjusted for baseline heart rate, which has been shown to be related to these dependent variables, instead of PP (since blood pressure data are used to calculate stiffness parameters). All tests were two-sided and P-values of ,0.05 were considered statistically significant. Statistical analyses were performed with STATA 12.0 (Stata Corp, College Station, TX, USA).
Statistical analysis
Results
Clinical characteristics
Out of 279 patients with analysable baseline echocardiographic data, eGFR was available in 256 and UACR in 238 patients, Figure 1 Prevalence of abnormal left ventricular geometry according to binary categories of kidney function (presence vs. absence of renal dysfunction based on both estimated glomerular filtration rate and urinary albumin-to-creatinine ratio values) (A), or to four categories of renal function (urinary albumin-to-creatinine ratio normal and estimated glomerular filtration rate preserved, either presence of albuminuria alone or lowestimated glomerular filtration rate alone, both impaired) (B). Abnormal left ventricular geometry defined as either concentric remodelling, or concentric hypertrophy, or eccentric hypertrophy. P-values from multiple logistic regression, using abnormal left ventricular geometry as outcome, adjusting for age, sex, history of diabetes, anaemia, previous admission for heart failure, pulse pressure.
Association between renal function and cardiovascular structure and function leading to a final sample size of 217 (72%) patients with available data on both parameters of renal function. The population was elderly (mean age 71), 55% women, 74% Caucasian, 40% with a history of diabetes, and the majority was hypertensive (94%). Impairment of at least one parameter of kidney function (albuminuria and/or low eGFR) was present in 62% of HFpEF patients: 16% had only albuminuria, 23% had only low eGFR, while 23% had both ( Table 1) . A similarly high prevalence of renal dysfunction (59%) was demonstrated applying the sex-independent cut-off for abnormal UACR (30 mg/g). Compared with subjects with preserved renal function, the presence of kidney dysfunction was associated with older age, whereas gender did not differ between the groups. Those with renal dysfunction were likely to have had a previous HF hospitalization; however, aetiology of HF and symptoms did not vary. While anaemia was more common and diabetes tended to be more prevalent in subjects with ; RWT, relative wall thickness; LVEF, left ventricular ejection fraction; MWFS, midwall fractional shortening; GLS, global longitudinal strain; E/E ′ , mitral inflow to mitral relaxation velocity ratio; LAV, left atrial volume; Ea, effective arterial elastance; Ees, left ventricular end-systolic elastance; Ea/Ees, ventricular -vascular coupling.
renal dysfunction, other traditional CV risk factors were similar between the groups. Patients in the two groups had similar therapy. Heart rate did not vary based on kidney function, whereas renal dysfunction was associated with higher PP. As seen in Table 3 , diabetes was more common in the UACR alone group, as was a history of CAD. Conversely, older age, anaemia, and women sex were more prevalent in patients with low eGFR (alone or in combination with high UACR). Patients included in this analysis (n ¼ 217) had higher BMI (30.6 + 5.9 kg/m 2 vs. 28.3 + 5.1 kg/m 2 ), SBP (137 + 15 vs. 131 + 17 mmHg), and beta-blocker therapy use (83% vs. 68%) compared with the ones not included, but were similar with respect to all other baseline characteristics.
Cardiovascular structure and function according to kidney function
Differences in CV structure and function according to the presence or absence of renal dysfunction are shown in Table 2 and Figure 1 . In both unadjusted and adjusted analyses, patients with renal dysfunction (eGFR .30 and ,60 mL/min/1.73 m 2 and/or high UACR), compared with subjects with preserved renal function, consistently showed greater LV wall thicknesses, LV mass, and a higher prevalence of abnormal LV geometry (either LV CH, or CR, or EH), combined with higher NT-proBNP, and lower MWFS. To account for the greater prevalence of HF hospitalizations (51 vs. 29%) and older age of patients with renal dysfunction compared with those without (72 vs. 69 years old), all our models were adjusted for these two covariates as well as others deemed to be clinically important (sex, PP, anaemia, history of diabetes). Renal dysfunction was associated with a higher prevalence of abnormal LV geometry (OR: 2.0, P ¼ 0.048), with female sex the only other significant predictor of structural differences (OR: 2.4, P ¼ 0.009). Conversely, ventricular-vascular systolic stiffness indexes and other parameters of LV systolic/diastolic function were similar between the two groups. Considering four categories of renal function based on eGFR and UACR values, patients with reduced eGFR (.30 and ,60 mL/min/ 1.73 m 2 ) and no albuminuria had significantly greater LV wall thicknesses, LVM, and a higher prevalence of abnormal LV geometry compared with patients without renal dysfunction (Tables 3 and 4, Figures 1, 2, and 3) . Furthermore, patients with reduced eGFR alone had lower MWFS. In addition to the significant association between low eGFR and MWFS, we also found that low eGFR was significantly associated with increased RWT, which was subsequently associated with reduced MWFS when added to the fully adjusted model (P , 0.001). Our data suggest the possibility that approximately half the effect of low eGFR on MWFS is mediated through the effect of low eGFR on RWT, while the other half occurs independently of RWT (beta ¼ 2.7 ; RWT, relative wall thickness; MWFS, midwall fractional shortening. Adjusted for age, sex, PP, previous admission for HF, history of diabetes, anaemia. *P , 0.05 for comparison vs. reference (both eGFR and UACR normal). **P , 0.01 for comparison vs. reference (both eGFR and UACR normal).
for RWT; beta ¼ 20.52 after adjustment). Analogous results were observed according to the presence vs. absence of renal dysfunction.
Conversely, albuminuria with preserved eGFR was associated with larger ventricular size (higher LVEDV and LVESV), whereas LV mass, LV geometry, E/E ′ , and parameters of LV systolic function did not differ based on the UACR level in adjusted analysis ( Table 4 and Figures 1 -3) . In univariable and multivariable analyses, patients with low eGFR and albuminuria had greater LV wall thicknesses, higher NT-proBNP, and lower MWFS compared with subjects with no renal dysfunction (Tables 3 and 4, Figure 3 ). The higher prevalence of abnormal LV geometry in patients with high UACR and low eGFR in univariable analysis did not reach statistical significance when accounting for covariates (Figure 1) . Considering the different types of LV geometry according to the four categories of renal function (Figure 2) , the presence of EH was twice as common in the albuminuria-only patients relative to the no renal dysfunction patients. Additionally, LV geometry patterns in patients with low eGFR alone vs. patients with combined renal impairment were quite similar. However, we were not powered to detect these types of interactions with the current sample size. Across the four categories of kidney function there were no differences in filling pressures, LVEF, deformation parameters, and ventricular-vascular systolic stiffness indexes ( Table 3) . Cardiac structure/function results were comparable using the sex-independent cut-off for abnormal UACR (30 mg/g) (same level of significance displayed in Tables 2 and 3 for all the parameters studied).
Discussion
Among HFpEF patients enrolled in the PARAMOUNT trial, we found that renal dysfunction, defined as low eGFR and/or high UACR, was highly prevalent, and associated with cardiac remodelling and subtle systolic dysfunction. Compared with patients with preserved renal function, those with low eGFR and no albuminuria had a higher prevalence of abnormal LV geometry (either CH, or CR, or EH) and lower MWFS, as opposed to patients with albuminuria and preserved eGFR. Conversely, albuminuria alone was characterized by greater LV dimensions. The combination of low eGFR and albuminuria was associated with the presence of mixed structural and functional abnormalities, as shown by higher LV wall thickness, NT-proBNP, and lower MWFS. Our findings suggest that both eGFR and albuminuria might play a distinct role in HFpEF.
Based upon sex-specific cut-off value for UACR and CKD-EPI equation calculation formula for eGFR, this analysis allowed us to estimate the relevance of renal dysfunction, assessed by both domains, in HFpEF: similarly to a recent Japanese study 3 our data demonstrated in a predominantly Caucasian population a high prevalence of renal dysfunction ( 60%) using both UACR and eGFR compared with previous studies using only eGFR (30-45%), 1,2,23 further acknowledging the importance of this comorbidity in HFpEF. Of note, according to the PARAMOUNT entry criteria, patients with eGFR ,30 mL/min/1.73 m 2 were not included into the trial; likely, the prevalence of renal dysfunction in HFpEF may even be higher, taking into account also patients with severely reduced eGFR. Additionally, to our knowledge for the first time, we were able to explore the presence of possible different associations between high UACR alone or low eGFR alone with abnormal cardiac structure and function in HFpEF, adjusting our models for the same covariates. PARAMOUNT data are concordant with previous studies in subjects with and without HF highlighting the bidirectional link between low eGFR and LV remodelling. 10, 13, 14, 24, 25 Furthermore, compared with patients with preserved renal function those with reduced eGFR were further characterized by lower MWFS, despite similar LVEF and deformation parameters. These results suggest that MWFS may be an index of LV systolic function more reliable than ejection fraction, as previously demonstrated in case of abnormal LV geometry. 26, 27 Of note, MWFS might be less sensitive to noise than deformation analysis, in particular for images acquired at the FPS range normally encountered in clinical practice. Therefore, MWFS might be particularly useful for the detection of subtle systolic dysfunction in the setting of HFpEF. 28 Conversely, while prior data in populations without HFpEF demonstrated an association between UACR and LVH, 11, 12, 29, 30 we showed in HFpEF patients that high UACR alone was associated with larger LV volumes, despite similar NT-proBNP 31 and degree of abnormal LV geometry (either CR, CH, or EH) compared with patients without renal dysfunction. The different LV structure findings compared with prior studies may be partly due to the populations studied, namely patients with and without HFpEF, to the categorization of renal function applied in our study based on both eGFR and UACR values, and to the inclusion criteria used in PARAMOUNT. However, we have hypothesized a possible association between these structural abnormalities and albuminuria induced endothelial dysfunction, microvascular dysfunction, and ischaemia, in agreement with the newly proposed pathogenetic role for endothelial microvascular dysfunction for HFpEF development and with the already recognized many possible contributory mechanisms to HFpEF, beyond LVH. 32, 33 Eventually, also hyper activation of the renin-angiotensin system may be involved, with greater production of aldosterone and volume overload. The higher cardiac output encountered in albuminuria alone patients compared with the ones without renal dysfunction may support this theory, while previous studies gave contradictory results. 31, 34, 35 Finally, Ea did not vary according to different categories of kidney function. These data are discordant with some previous studies, 11, 36 but are consistent with findings reported in a community-based study of HFpEF patients. 15 Since Ea does not take into account factors that can contribute to increased load, such as pulse wave velocity and early reflected wave, it is possible that the use of parameters more reflective of central haemodynamics, such as aortic characteristic impedance (Zc), may lead to different results. 37 Of note, recent evidence suggests that renal dysfunction might in part cause HFpEF. 38 Although the present study does not provide causal evidence, PARAMOUNT data support the use of both eGFR and proteinuria to adequately evaluate kidney function and cardiac structure and function in HF patients. 4, 39 Furthermore, these data may potentially help to identify subgroups of HFpEF patients to target future clinical trials. Other possible future directions of research in this field may include the addiction of MRI results and/or of novel marker of renal damage, such as neutrophil gelatinase-associated lipocalin. 34 Finally, these data suggest that interactions between the heart and kidney are complex, still incompletely understood, and merit prospective studies to gain more mechanistic insights. Limitations of this analysis should be noted. First, the crosssectional nature of the data precludes conclusions about causality. Second, our results may not be generalizable to HFpEF populations in the community, given the inclusion and exclusion criteria of the PARAMOUNT trial, thus requiring systematic and prospective evaluation. In particular, our results are mainly applicable to Caucasian race ( 75% of our study sample) and only to patients without severe impairment of eGFR, because these subjects were excluded from enrolment. Third, small sample sizes may have contributed to limited power to detect significant differences in our analyses and may limit the generalization of our findings. Furthermore, it would have been of interest to assess and control for inflammation in the study population, given the association of inflammation with both HFpEF and renal damage. Unfortunately, this was not feasible since there were no available data on inflammation parameters such as C-reactive protein. Finally, it was not possible to calculate the stress corrected MWFS, a more robust parameter of systolic function compared with MWFS, because the end-systolic posterior wall thickness was not assessed in the PARAMOUNT database.
In conclusion, renal dysfunction, as determined by both eGFR and UACR, is highly prevalent in HFpEF, and associated with cardiac remodelling and subtle systolic dysfunction. The observed differences in cardiac structure and function between each type of renal damage suggest that both parameters of kidney function might play a distinct role in HFpEF, although prospective validation is warranted.
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